Introduction
Accurate measurement of crude oil in an oil export terminal is primary objective. Any type of measurement error can result in a financial loss, whether it is to the buyer or the seller. Such errors are due inaccuracies that occur during the custody transfer process and results in the buyer receiving more or less product than contracted. Three primary sources of error in crude oil measurement include a) Volume measurement b) Sediment and water c) temperature rise. Accurate temperature compensation of gross measured volume is critical to overall volume measurement accuracy.
Today paint color is commonly utilized in control of absorbed solar radiation by surfaces and much work has been carried out in this field (e.g. [1] [2] [3] [4] [5] ). In thermal manner, each color has specific absorptivity and emissivity coefficient. While sun radiate to surface, absorbed and reflected energy will change with absorptivity and emissivity coefficient of surface paint color. For surveying effect of surface radiative parameters, esfahani and abdolabadi [6] studied the effect of radiative parameters such as, surface reflectivity and absorptivity on thermal degradation of polyethylene. Here, by considering the Kharg Island climate conditions, solar radiation has predominantly effect on crude oil temperature rise inside pipeline. As the Kharg Island is main Iran oil export terminal, the accuracy of measurement is very important issue. Considering the fact that, the pipeline exterior surface paint color has effect on crude oil temperature rise; their effects on accuracy of the measurement system have been investigated.
At the fields of effect solar radiation on temperature variation in pipe flow, there have been previous studies such as Kowsary and Pourshaghaghy [7] . They have considered a more realistic situation in which dissipation of the heat through the outer surface to the ambient has been considered. They computed temperature development in pipe flow with considering thermal leakage by heater element that was shown bulk temperature tends to a limiting value along pipe. Yaghoubi et al. [8] estimated temperature of oil inside cylindrical receiver for the Shiraz solar power plant; they supposed unsteady state condition and neglected conduction variation along pipe and obtained nonlinear partial differential equation system then solved by numerical method. Madani [9] calculated temperature distribution of water inside the cylindrical tube with black cover by simple model of overall coefficient of heat losses. At this work, we suppose hourly steady state situation in pipe flow that temperature of oil and pipe vary in the direction of flow. Kim et al. [10] obtained thermal performance of a solar system composed of parallel, all-glass (double skin) vacuum tubes by using a onedimensional analytical model; they supposed constant heat flux around tube under unsteady state condition; Han et al. [11] continued same work with three-dimensional model and compared results with one-dimensional model and showed that there are good agreement with each other. Luminosu et al. [12] studied analytically the process of preheating bitumen using solar energy to optimize connection between several solar collectors.
In the present research, a practical analytical model for incompressible flow inside an aboveground pipeline has been constructed and presented. The outer surface of the pipeline is exposed to solar radiation and wind stream. The radiation heat exchange with ambient is also taken into account. Further, the effects of exterior surface paint color which represented by emissivity and absorptivity have been studied. It is assumed that each paint color has its specific absorptivity and emissivity and these indices have been considered compatible with common paints in industry. The model has been developed to study temperature development of crude oil flow within a specific pipeline. For simplifying the model, hourly steady state situation in pipe flow has been assumed. In most studies because of using thermal resistance of radiation to sky, pipe surface temperature is assumed constant [13, 14] ; while at this paper pipe surface temperature variation along flow is taken into account. The model has been applied to a specific crude oil pipeline. The pipeline is located in the Kharg Island, main Iran export terminal and delivers the crude oil from storage tanks to the exporting ship. The effects of pipeline paint color in various volume flow rate are investigated theoretically and experimentally under the relative weather conditions of Kharg Island. The effects of paint color have been represented by absorptivity and emissivity of the exterior surface. By considering the fact that absorptivity and emissivity of the exterior surface has the primary effects and knowing the properties of available paints in industry, one could select the best pipeline surface coating in accord with its emissivity and absorptivity.
Initially amount of absorbed solar energy by pipeline surface has been estimated for the Kharg Island climate condition. Then by computing convection heat transfer coefficient the outlet oil temperature was calculated by employing energy balance along the pipe line for a day (5th August 2007). Finally by catching relationship between temperature and error, the uncertainty in crude oil volume measurement has been calculated. It is found that pipe paint color is important parameter on alteration of oil temperature and caused big uncertainty in oil measurement.
problem description
The problem under investigation is heat transfer from horizontal pipe with incompressible fluid flow inside. Figure 1 shows the geometry and the configuration of the problem which is based on the actual condition of the Kharg Island oil terminal. Crude oil flows from the storage tank (located 60m higher than the pipeline) into the pipeline which its length is about 3 Km as shown in fig. 1 . At pipeline exit, oil reached to the metering station for measuring and the custody transfer process. It is obvious that oil temperature was affected by solar radiation as oil travels through the pipeline. The main objective of this paper is to determine outlet oil temperature. By knowing the outlet temperature, it is possible to construct a relationship between temperature and uncertainty then estimate error in crude oil volume metering. Solar radiation over pipeline increase the heat load during the day, but wind on the other side has an effective role to remove heat load from the pipe. The inlet temperature of the fluid, T fi , is assumed to be equal to oil storage tank temperature and the outlet temperature is T fo . As pipeline length is much higher than its diameter, the problem is assumed to be one-dimensional so temperature variation along the pipe (x direction) is only considered. The parameters which are kept constant during the investigation are the pipe's diameter D and pipeline length L. A picture of the pipeline and a schematic diagram of adopted thermal model are shown in fig. 2 . 
Mathematical modeling
The solar radiation is the primary phenomena which affects temperature variation of surfaces. To be able to estimate pipe and fluid temperature, solar radiation should be calculated in first step. For estimating solar radiation many engineering models have been developed and proposed. In all of these models, the weather condition and location are important factors. Kamali and Moradi [15] suggested that Angstrom model is more suitable for the Kharg Island. Therefore, the Angstrom model has been employed in this study to calculate solar radiation. Based on Angstrom model, solar radiation can be estimated using the following equation as [16] ,
Where for the Kharg Island, a=0.37 and b=0.35 in spring & summer, and a=0.37 and b=0.38 in autumn & winter [15] .
The solar declination (δ), the main sunshine hour angle (ω s ) and the maximum possible sunshine duration day length (S o ) was calculated from Cooper [17] :
The cloudless hourly extraterrestrial radiation on horizontal surface can be calculated using the following equation as [18] In this equation I sc has adopted a value of 1367 W/m 2 according to the world radiation center and ω is solar hour as given by following equation [18] ,
The pipeline in the presented study is located at the Kharg island (Latitude: 29° and Longitude 51°). As solar energy can be varied by geographical situation, the model was solved for the climatic conditions of the Kharg, representing the southern Iran for the typical days (5th August 2007) of summer. Figure 3 shows amount of solar radiation on horizontal surface and ambient temperature on 5th August 2007. Solar radiation is manifested between sunrise and sunset. It could be realized that the radiation is highest at about 11:30 am and is negligible outside of the considered time interval for the considered day. We estimated solar radiation in horizontal surface already; for calculation solar radiation on pipe surface, following steps is taken into account. Figure 4 gives a graphical representation of the amount of solar radiation striking the pipe surface. As shown, the intensity of solar radiation varies depending on the angle of incidence (γ), which changes according to the daily movement of the sun. Sunlight, however, always hits half of the pipeline area because of its circular shape. The following equations are obtained by integrating the normal component of solar radiation along the circumference of a semi-circle, which yields the total solar energy absorbed by the pipeline:
Here I p could be interpreted as the solar energy absorbed per unit area of pipe surface, W/m 2 :
The total radiation on pipeline surface consists of beam radiation and ground-reflected radiation. The total radiation calculated by:
While reflectance of ground is considered as ρ g = 0.2 [19] . In order to estimate the convective heat transfer in outside pipe, the concept of mixed convection should be employed. The directions of air motion due to natural and forced convection are approximately perpendicular. For combined free and forced convection from horizontal tube several correlations for various flow regions and flow Reynolds number are proposed. Such correlations can be found in [20] . The most widely used correlation to estimate convection coefficient over of a horizontal pipe in cross flow is, Where all properties are evaluated at T ∞ , except Pr s , which is evaluated at T s , cylinder surface temperature. Values of C and m are given in [20] . If Pr ≤ 10, n= 0.37; if Pr > 10, n = 0.36. The schematic diagram of pipe flow under investigation was shown in fig. 1 . As dimensions in radial direction are much smaller than the x (along flow direction), one dimensional flow is considered. The paint color pipe surface reflects and absorbs normal solar radiation flux. Absorbed solar radiation flux increases the surface temperature and it is transferred by conduction to the inside of the pipe then temperature of fluid is increased. In order to obtain the temperature profile of fluid inside, a differential energy balance was carried out. The following assumptions for energy balance equations are considered:
1. Temperature gradient across the thickness of the pipe is insignificant. 2. Steady state situation assumed and heat transfer coefficients are considered to be constant at the selected time interval (hourly here). 3. The surface color is opaque with constant absorptivity and emissivity. 4. The variations in the absorptivity and emissivity of the color surfaces with the variation in angle of the incoming radiation are neglected. 5. Fluid properties are independent of temperature and mean amount is considered. 6. Heat conduction variation along fluid flow is neglected. The energy balance equations for pipe, control volume 1, and fluid, control volume 2, as shown in fig. 6 could be written and presented as:
For volume control (1):
In the above equation, Q Radiation indicates the incoming energy in consequence with solar radiation and reflectance of ground into pipe surface which is obtained from eq. (10) . With substitution other related equations, 
After simplification we have,
The pipe surface temperature differences within the flow are assumed to be sufficiently small so that T s 4 may be expressed as a linear function of temperature. This is done by expanding T s 4 in a Taylor series about the free-stream temperature T ∞ and neglecting higher-order terms to yield, 
After simplification, eq. (17) can be written as:
For volume control (2):
Where T s can be written as, In which, The total solution of eq. (21) is given as, Equations (22) and (24) are the governing equations for variations of the hourly bulk temperature and pipe surface temperature along the flow respectively, the profile is in an exponential form, however, for most practical cases, it is very close to a linear function. Hourly outlet oil temperature from pipeline is dominant parameter that we need. For catching this, we solved eq. (22) at each hour of day that sun radiate on pipeline. Relative parameters for the case study are shown in tab. 1. The working fluid is chosen to be light crude oil. Oil carries the maximum heat from the pipe due to its thermal and physical properties. Table 2 gives the thermal and physical properties of the selected fluids. The flow is assumed to be fully developed and turbulent. The following section will try to discuss the effects of the surface paint color on transferring crude oil through the Kharg pipeline using the previous described model. This may help engineers in their design to determine and select the optimum envelop color. The selection may be the prime interest of many engineering applications. There are five different envelop color in this analysis as shown in tab. 3. The corresponding absorptivity and emissivity for each color are also listed the following table as, 8 and 9 show variations outlet oil temperature from pipeline for various volume flaw rates during daytime. As expected, the black painted envelope caused higher temperatures than the other painted one during the day time. Higher absorptivity of the exterior surface may result in a significant amount of absorbed solar radiation and, therefore, its inward transmission into the oil inside space; eventually result high heat load. By comparing figures, it could be realized at lower volume flow rate (e.g. 1000 bbl/hr), outlet oil temperature is higher than the other (larger) volume flow rate. So increasing volume flow rate is one simple and practical way for lowering outlet oil temperature. To verify validity of the mathematical model and numerical results, a comparison has been made between the numerical results and measured values of pipeline surface temperature. The experimental temperatures have been measured using infrared thermometer from pipeline surface on 5th august 2007. The pipeline, shown in fig. 2 , is considered to have off-white paint color. At that particular day, light crude oil flows through pipeline with volume flow rate at 1000 bbl/hr. The outlet surface temperature has been measured hourly during the day at distance of 300 m and 750 m from pipeline entrance. The numerical results are obtained by solving eq. (24) at each hour during of same day at corresponding distances then compared with measured values. Comparison between the theoretical and experimental results is depicted in fig. 10 . In this work, it is found that the results of the developed mathematical model are in good agreement with the measured values. 
Temperature effect on uncertainty of the metering system
There are standard methods to quantify errors associated with any type of measurements such as the proposed method of Moffat [22] . The maximum possible errors in various measured parameters were estimated from the minimum values of output and the accuracy of the instruments. This method is based on careful specification of the uncertainties in the various experimental measurements. In current study such method is not applicable as the aim is to quantify errors associated with temperature rise. For this purpose, it is assumed that there is no uncertainty in temperature measurement or other measured parameters.
To quantify errors associated with temperature rise, two worldwide acceptable methods for correcting the measured volume to the volume at the standard condition are utilized and compared. The difference between the values reported by each method is assumed to be uncertainty.
Turbine flow meter is used at metering station of the Kharg Island for measuring volume of transferred oil. As it is known, base of buying oil in international market is transferred volume at standard condition (1 atm and 15.5°C). For convert the measurement volume to standard condition, CTL (temperature coefficient liquid) and CPL (pressure coefficient liquid) are used. Also is clear the amounts of these coefficients at standard condition are equal one. Two worldwide acceptable methods to calculate the amount of CTL are a) calculated from API tables [23] It could be realized that black color makes higher uncertainty than other colors. This is due to higher pipeline outlet temperature (see Figs. 7, 8 & 9) and the values of CTL in tab 4. As difference between standard oil temperature (15.5°C) and observed (here computed) temperature increases, uncertainty in metering will increase too. As Black paint makes highest outlet oil temperature then uncertainty is biggest for this color envelop. So using lighter color (white color) for painting exterior surface is one practical way to reduce uncertainty. The other result which could be concluded from fig. 11 is positive effect of volume flow rate on uncertainty reduction. So by increasing volume flow rate, the other simple way for reducing uncertainty percent could be utilized.
Ostensibly, it may be released from fig 11 that uncertainty is not significantly different for different conditions and therefore it will be negligible. Since the volume of exported oil reach to several million barrels per year, this infinitesimal difference could be induced very big uncertainty in oil volume measurement.
Conclusions
At this work a mathematical model for temperature development in an aboveground crude oil pipeline which exposed to solar radiation and wind stream was presented. Based on climate and geographical conditions of the Kharg Island and utilizing the mathematical model, the temperature at pipeline outlet (the metering point) has been calculated and the effects of main pipe line flow rate and exterior surface paint color on temperature rise have been investigated. Two worldwide acceptable methods for correcting the measured volume to the volume at the standard condition are utilized and the difference between the values reported by each method is assumed to be uncertainty. By considering relation between temperature and uncertainty and the other results obtained in this work, the following points may be concluded:
(1) The results of the proposed mathematical model are in good agreement with the field measured values in the Kharg oil pipeline with off white as envelope color.
(2) Outlet oil temperature from the pipeline increase either by lowering volume flow rate or using darker painting (higher absorptivity and lower emissivity) for pipeline exterior surface.
(3) Uncertainty in measurement could be reduced by painting exterior surface with lightest color (lower absorptivity and higher emissivity; white here) which seems a practical way.
(4) One simple and feasible way of reducing uncertainty is to transport crude oil with maximum allowable volume flow rate through the pipeline.
However, by a glance at uncertainty variations in different conditions, it may be concluded the uncertainty remains constant in different situations; but due to the fact that oil is generally exported in very high values and afterwards brings about almost big uncertainly in oil volume measurement provided that can't be neglected. Finally, utilizing paint color with lower absorptivity and higher emissivity (white here) has been recommend as pipeline surface color which can reduce uncertainty in oil volume measurement.
